Antimony (Sb) is a naturally occurring toxic element commonly associated with arsenic (As) in the environment and both elements have similar chemistry and toxicity. Increasing numbers of studies have focused on microbial As transformations, while microbial Sb interactions are still not well understood. To gain insight into microbial roles in the geochemical cycling of Sb and As, soils from Sb mine tailing were examined for the presence of Sb-and As-oxidizing bacteria. After aerobic enrichment culturing with As III (10 mM) or Sb III (100 µM), pure cultures of Pseudomonas-and Stenotrophomonas-related isolates with Sb III oxidation activities and a Sinorhizobium-related isolate capable of As III oxidation were obtained. The As III -oxidizing Sinorhizobium isolate possessed the aerobic arsenite oxidase gene (aioA), the expression of which was induced in the presence of As III or Sb III . However, no Sb III oxidation activity was detected from the Sinorhizobium-related isolate, suggesting the involvement of different mechanisms for Sb and As oxidation. These results demonstrate that indigenous microorganisms associated with Sb mine soils are capable of Sb and As oxidation, and potentially contribute to the speciation and mobility of Sb and As in situ.
Antimony (Sb) is a naturally occurring toxic element and is considered to be a priority pollutant of interest by the USEPA (the maximum contaminant level in drinking water is 6 µg L −1 ). Although the concentrations of Sb in natural systems are generally low (less than 1 mg kg −1 in soil and 1 µg L −1 in surface waters [13] ), elevated levels of Sb have been released via mining activities and other anthropogenic activities due to its increasing industrial use. In the environment, antimony is commonly associated with arsenic (As) and both elements exhibit similar geochemical properties and toxicological effects that depend on their chemical form and oxidation state. Antimony and arsenic can exist in four oxidation states (-III, 0, III and V), while they are mainly found in two oxidation states, trivalent (III) and pentavalent (V), in natural systems. Antimonate [Sb(V)] and arsenate [As(V)] are thermodynamically stable species in aerobic environments and occur primarily as H2AsO4 − and HAsO4 2− , or Sb(OH)6
− . In anaerobic environments, the dominant solution species of antimonite [Sb(III)] and arsenite [As(III)] occur as neutral Sb(OH)3 0 and As(OH)3 0 in the environmentally relevant pH range (14) . As(III) and Sb(III) are highly reactive with thiol-containing proteins and are considered more toxic than As(V) and Sb(V) (13, 38) .
Despite its toxicity, microorganisms have developed resistance mechanisms to tolerate As and some can utilize As for respiratory metabolism to gain energy for growth. As resistance mechanisms in bacteria typically involve As(V) reduction to As(III) by an arsenate reductase (ArsC) and As(III) is extruded by membrane-located ArsB efflux pump (15) . In addition, dissimilatory arsenate reductase (Arr) has been identified in phylogenetially diverse groups of dissimilatory As(V)-respiring bacteria (34) . Oxidation of As (III) coupled to O2 reduction is catalyzed by arsenite oxidase (Aio) and has been described in numerous heterotrophic bacteria (34) as well as in some chemoautotrophs, which can gain energy from As(III) oxidation for CO2 fixation (3, 9, 10, 31, 33) . Anaerobic As(III) oxidation coupled to nitrate reduction or photosynthesis is carried out by another group of arsenite oxidases named ArxA, which appears to be evolutionally more closely related to Arr than to Aio (39, 40) .
Although increasing numbers of studies have focused on microbial roles in As transformations, microbially-mediated Sb transformations are still not well understood. Possibly due to the structural similarities between As and Sb, some of the As-metabolizing mechanisms were also considered to process Sb. For instance, both As(III) and Sb(III) enter the cells via a glycerol facilitator, the GlpF uptake system, and are exported by the same ArsB system in bacteria (15, 28, 32) . It was also shown that both As(III) and Sb(III) induced the expression of arsenic resistance ars operon (21) and the aerobic As(III) oxidase gene (aio) operon (8, 25) . There have been only a few reports regarding microbial redox transformations of antimony. In the 70s, a couple of studies described the oxidation of senarmonite (Sb 2 O 3 ) to Sb 2 O 5 by a chemolithotrophic organism referred to as Stibiobacter senarmontii (reviewed in reference [11] ). Recently, a study by Lehr et al. showed Sb(III) oxidation by As(III)-oxidizing Agrobacterium tumefacience and eukaryotic acidothermophilic Cyanidiales alga isolate (25) . Since Sb(III) oxidation was observed with two mutant strains of A. tumefacience incapable of As(III) oxidation, it was suggested that Sb(III) oxidation is catalyzed by a pathway different from the As(III) oxidation pathway catalyzed by Aio in this organism (25) . To our knowledge, there have been no reports of other microorganisms capable of Sb oxidation, or further characterization of microbial Sb oxidation mechanisms.
To gain insight into microbial roles in the dynamics of Sb and As in soil water environment, we examined soils from antimony (stibnite: Sb 2 S 3 ) mine tailing (Ichinokawa, Ehime, Japan) for the presence of Sb-and As-transforming bacterial populations. This report describes the isolation and characterization of novel Sb(III)-oxidizing bacteria along with an As(III)-oxidizing bacterium obtained from the mine soils.
Materials and Methods

Sample collection and chemical analysis
Soil samples were collected in October 2009 from Ichinokawa mine (Ehime, Japan) tailing areas (33°53'20.4"N, 133°12'51.6"E), which was formerly one of the largest Sb (stibnite: Sb2S3) mines in the world (6, 29) . The sampling sites were located approximately 5 m downward from the mine pit (site 1) and 30 m to the side (site 2) of the mine pit. The soils were collected from four depth ranges (0-3, 3-6, 6-9, and 9-12 cm) successively from the surface layer using sterile techniques, transported on ice to the laboratory and stored at 4°C for cultivation and −20°C for geochemical analyses. The pH of the surface layer soils (0-3 cm) was determined in soilwater extracts (1:1) on site to be 7.2 and 5.9 for site 1 and 2, respectively. For geochemical characterization, soils were freezedried, passed through a 500-µm stainless steel sieve and homogenized. The soil samples were then digested in a mixture of HNO3 and HF using a microwave system and inorganic constituents were determined using an inductively coupled plasma mass spectrometer (ICP-MS; Agilent 7500cs, Agilent) as described previously (16) . Analytical accuracy was confirmed by analyzing standard reference material NIST-2710 (NIST) and resulted in the recovery of the nine elements being 99.2±7.1% of certified values.
Molecular analysis
For molecular analysis, soil samples were collected using sterile techniques, stored in RNAlater (Ambion, Austin, TX) immediately upon sampling, transported on ice and stored at −20°C after returning to the laboratory. Total DNA was extracted from soil samples using the PowerSoil DNA Isolation Kit (MoBio, Carlsbad, CA). For denaturing gradient gel electrophoresis (DGGE) analysis, 16S rRNA gene fragments were PCR-amplified using Bacteria-specific primer 1070F and the universal primer 1392R containing a GC-clamp, followed by separation of PCR products using DGGE as described previously (18) . The reproducibility of the techniques was confirmed using DNA extracts prepared in duplicate from soil samples (Fig.  S1 , site 1). Soil DNA extracts were also screened for arsenite oxidase genes (aioA, arxA) and dissimilatory arsenate reductase genes (arrA) by PCR amplification using the primers and conditions described previously: for aioA; aroA95f and aroA599r (19) , for arxA; arxA_Deg_F_B and arxA_Deg_R_B (40) , for arrA; HAArrA-D1F and HAArrA-G2R (23) and ArrAfwd and ArrArev (27) . Amplified products were analyzed by electrophoresis in 1.5% agarose gels. Cells from enrichment cultures and isolates were grown in liquid media as described below, collected by centrifugation, and subjected to DNA extraction followed by 16S rRNA gene amplification for DGGE and PCR screening for the arsenic transformation genes as described above. Dominant bands in the DGGE gels were purified and sequenced as described previously (12) . Near full-length 16S rRNA genes were also determined for the obtained isolates as described previously (18) . Sequences were assembled using Sequencher 4.1 (Gene Codes Corporation, Ann Arbor, MI) and compared to the GenBank database using BLAST (1). Phylogenetic analysis was conducted using MEGA version 5 software (37).
Enrichment culturing and isolation of As(III)-and Sb(III)-oxidizing bacteria
Aerobic enrichment cultures were established by inoculating soil slurry in minimal Xm medium (50-mL medium in 160-mL serum bottles) (17) with 10 mM lactate for high carbon conditions (HCM) or 6 mM HCO3 − and 0.002% (wt/vol) yeast extract for low carbon conditions (LCM). The medium was amended with 100 µM Sb(III) (as potassium antimonyl tartrate) or 10 mM As(III) (as NaAsO2) and incubated at 25°C in the dark on a reciprocal shaker (120 min −1 ). The concentration of As(III) used in this study was selected based on the previous report which showed that the average minimum inhibitory concentration (MIC) of arsenite-resistant bacteria isolated from arsenic-contaminated soils ranged from 8 to14 mM (7) . Although much less information was available regarding bacterial antimonite resistance levels, one report showed that antimonite concentrations of >200 µM strongly inhibit the growth of common soil bacteria (2); thus, we chose 100 µM Sb(III) for the enrichment culture in this study. Abiotic controls were prepared identically without inocula. Enrichment with HCM exhibited visible growth after a week and isolated colonies were obtained by plating serially diluted enrichment cultures on Xm plates prepared by the addition of purified agar (1.5% [wt/vol]) to Xm HCM media containing the same concentrations of Sb(III) or As(III) as the original enrichment. Colonies were randomly selected from plates inoculated with 10 −4 and 10 −5 dilutions of enrichment cultures and re-streaked for isolation. Since no visible growth was observed with LCM enrichment, Sb(III) or As(III) oxidation activities were monitored by inductively coupled plasma spectrometry (ICP-OES; PerkinElmer Optima 7300 DV; PerkinElmer) determination for total and pentavalent species after borohydride reduction-based liberation of Sb(III) and As(III) as stibine and arsine gases, respectively (24) (25) (26) . Once oxidation occurred after 5 weeks, the enrichment cultures were serially diluted in fresh media and incubation continued under the same conditions. After multiple transfers, aliquots of the highest dilutions with oxidation activity [10 −8 for both Sb(III) and As(III) LCM enrichments] were spread onto LCM Xm plates containing either Sb(III) or As(III). Colonies were re-streaked for isolation, then transferred to fresh liquid medium and incubated under the same conditions as the original enrichment. Once the purity of the cultures was verified, they were tested for the ability to oxidize Sb(III) or As(III) by growing with Xm medium (prepared with HPCL-grade water) in the presence of 100 µM Sb(III) or 10 mM As(III) for 7 d, followed by the determination of Sb(V) or As(V) production as described above. Cells were transferred at least three times under the same growth conditions prior to the activity assays. The activity assays were repeated at least twice and each time in duplicate.
Characterization of aioA gene in As(III)-oxidizing isolate
The putative arsenite oxidzse gene, aioA, in the As(III)-oxidizing isolate obtained above was PCR amplified using aroA95f and aroA599r primers and the conditions described previously (19) . To examine the expression of the aioA gene, the As(III)-oxidizing isolate was grown in the presence of As(III) (10, 1 and 0.1 mM) or 100 µM Sb(III) with 0.002% yeast extract, or yeast extract only. Cells were harvested at the late exponential phase and RNA was extracted using the RNeasy mini kit (Qiagen, Chatsworth, CA). Following extraction, RNA was treated with DNase using TURBO DNA-free kit (Ambion, Life Technologies, Grand Island, NY). RNA concentration was determined by absorption at 260 nm. RT-PCR was performed using the Access RT-PCR system (Promega, Madison, WI). The RT-PCR reaction mixture (50 µL) contained 1 µM of each primer and ~50 ng of extracted RNA. Control reactions were performed without the addition of reverse transcriptase to verify the absence of DNA in the RNA preparations. Amplified RT-PCR products were purified and sequenced to confirm the sequence identity of the transcripts.
Nucleotide sequence accession number
The nucleotide sequences reported in this paper have been deposited in the GenBank database under accession numbers KC012938 to KC012943.
Results and Discussions
Site characterization
Chemical analysis showed elevated levels of As and Sb in soils from both site 1 and 2 (Table 1) . At site 1, the concentrations of both As and Sb were highest in the surface layer (1,240 and 2,280 mg kg −1 , respectively) and decreased with depth, which correlated also with the Fe and Mn concentrations (R Fe 2 = 0.97, R Mn 2 =0.93 for As; R Fe 2 =0.81, RMn 2 =0.60 for Sb). This result indicated that the behaviors of Sb and As are associated with those of Fe and Mn in the soil profile. Previously, Mitsunobu et al. (29) conducted geochemical characterization of Ichinokawa mine soil when soil was under flooded conditions. It was shown that the concentrations of Sb and As increased slightly with depth (0~12 cm) and, consistent with our result, a positive correlation was observed with Fe and Mn. Further extended X-ray absorption fine structure (EXAFS) analyses for Fe and Mn suggested that the host phase of Sb and As is likely Fe(III) hydroxide at all depths in the soil profile (29); thus, the majority of As and Sb, originally supplied as sulfide minerals are present in labile forms. In contrast, As and Sb in site 2 were distributed rather evenly among 0-9 cm depths (130-160 and 1,400-1,500 mg kg −1 , respectively). The concentrations of other constituents, including Mn, Cr, Ni, and Zn, were substantially higher in site 1 than site 2. These results suggest that site 1 soil, which is located downward from the mine pit, is still affected by the discharge of contaminated water from the mine pit.
Bacterial populations associated with the depth profiles of Ichinokawa soils were examined using PCR-amplified 16S rRNA gene fragments separated via DGGE (Fig. S1) . No substantial changes in DGGE banding patterns were observed along the depths profile at both sites. Due to the high complexity of DGGE banding profiles, no serious attempts were made to identify DNA sequences of each band. However, the sequences of a couple of DGGE bands were determined and shown to be related to 16S rRNA gene sequences of uncultured bacterial clones obtained from soil environments, including heavy metal waste sites (data not shown).
To examine the presence of indigenous microbial populations possessing functional genes associated with arsenic transformations, soil DNA extracts were screened by PCR amplification using previously developed primer sets for arsenite oxidase gene (aioA) (19) , anaerobic arsenite oxidase gene (arxA) (40) , and dissimilatory arsenate reductase gene (arrA) (23, 27) . Screening of soil DNA was limited to known functional genes associated with As transformations, since no information regarding the molecular mechanisms of prokaryotic Sb(III) oxidation is currently available. Positive PCR products were observed for aioA at all depths from site 1 and 2, indicating the potential presence of an aerobic arsenite-oxidizing population in situ, while no PCR products were obtained with any of the primer sets tested for arxA or arrA (Fig. S1 ).
Enrichment culturing
To link indigenous microbial populations with their function in Sb and As oxidation, enrichment cultures were established aerobically using surface soils from site 1 and 2 as inocula ( Table 2 ). The HCM (high carbon media) enrichment cultures, containing a minimal medium amended with 10 mM As(III) or 100 µM Sb(III) and 10 mM lactate as a carbon source, exhibited visible growth after one week. Isolated colonies were obtained from direct plating of HCM enrichment and randomly selected colonies were further identified by 16S rRNA gene sequencing. Although multiple colonies were isolated from HCM-As(III) enrichment with IK1-1 soil, they were unable to grow after subsequent inoculation into liquid media; thus, only the isolates obtained from IK2-1 enrichment were further characterized. All of the isolates obtained from HCM-Sb(III) enrichment were identified to be Pseudomonas spp., while Stenotrophomonasand Nocardia-like isolates were obtained from HCM-As(III) enrichment (Table 2) .
Enrichment cultures were also established in a low carbon condition (LCM), containing 6 mM HCO 3 − and 0.002% (wt/ vol) yeast extract, amended with 10 mM As(III) or 100 µM Sb(III). LCM enrichment with As(III) inoculated with IK1-1 soil and Sb(III) inoculated with IK2-1 soil showed complete oxidation of added As(III) and Sb(III) after 6 weeks. Subsequently, these enrichments were serially diluted with fresh media and incubated further. After 30 d, two of the highest dilutions with oxidation activity (10 −7 and 10 −8 dilutions) were transferred again. As(III) and Sb(III) oxidation of 10 −8 dilution cultures were monitored for 15 d (Fig.  1) , which exhibited oxidation of 97.9±0.01% and 72.8±0.004% of added As(III) and Sb(III) compared to the abiotic controls, respectively. Bacterial populations present in these Sb-and As-oxidizing LCM enrichments (10 −7 and 10 −8 dilutions) were examined by 16S rRNA gene-targeted DGGE (Fig. 2) . In the Sb(III)-oxidizing enrichment, two prominent DGGE bands, S1 and S2, were observed in 10 −8 dilution (Fig. 2A, lane 2) while a few additional bands were present in the 10 −7 dilution (Fig. 2A, lane 1) . The same S1 band was also observed in As(III)-oxidizing enrichment with 10 −7 dilution in addition to two unique A1 and A2 bands which were further enriched in 10 −8 dilution (Fig. 2B , lane 5 and 6).
Isolation of Sb(III)-and As(III)-oxidizing bacteria
The dominant phylotypes detected via DGGE in As(III)-and Sb(III)-oxidizing LCM enrichments were further isolated by plating and re-streaking morphologically distinct colony types (Table 2 and Fig. 2 ). Pseudomonas-like isolates obtained from Sb(III) LCM enrichment corresponded to S1 bands and were also identical to eight Pseudomonas isolates obtained from Sb(III) HCM enrichments. Stenotrophomonaslike isolates obtained from Sb(III) LCM enrichment corresponded to S2 bands and were also identical to four Stenotrophomonas isolates (=DGGE band A3) obtained from As(III) HCM enrichment ( Table 2 and Fig. 2 ). From As(III) LCM enrichment, Stenotrophomonas-and Sinorhizobiumlike isolates corresponding to A1 and A2 bands (Table 2 and Fig. 2B ), respectively, were obtained and were distinct from other isolates obtained from HCM enrichments.
Six representative strains isolated from the enrichment cultures were examined for their As(III)-and Sb(III)-oxidizing activities. Cultures were inoculated into a basal medium in the presence of As(III) or Sb(III) with different carbon source conditions (HCMy: lactate+0.002% yeast, LCM: 0.002% yeast), and the formation of As(V) and Sb(V) was determined after 7-day incubation (Table 3 ). All six isolates grew comparably either in the presence or absence (Table 2) .
of 100 µM Sb(III) in HCMy (average final cell densities of 1.7-2.1×10 8 cells per ml). Pseudomonas-like strain S1 and Stenotrophomonas-like strain A3 oxidized approximately 18% and 8% of added Sb(III), respectively, during growth to the stationary phase (7 d) compared to the abiotic controls (P<0.05). Further oxidation was not observed by extending the incubation period to 2 weeks. A previous study showed that A. tumefaciens culture amended with 50 µM Sb(III) produced ~10 µM Sb(V) during growth to the stationary phase (~35 h) (25) . In our study, an initial concentration of 100 µM Sb(III) was added to the cultures and 8-18 µM was oxidized to Sb(V) when cells reached the early stationary phase (7 d) . Although the rates of Sb(III) oxidation by strains S1 and A3 were substantially slower than that of A. tumefaciens, total amounts of Sb(III) oxidized during growth were comparable among these isolates. Strain S2 originally showed Sb(III) oxidation activity comparable to strain A3; however, the activity was unstable and decreased over the course of transfers. Strain S1 was also able to grow in LCM and oxidize ~18 µM of Sb(III), while strain A3 did not grow in LCM. Sb(III)-oxidizing activities of the obtained isolates were substantially lower than that of the original consortium where ~73 µM of Sb(III) was oxidized in 2 weeks (Fig. 1) . It is possible that the Sb(III) oxidation process may involve multiple organisms in the consortium, or other minor populations in the consortium which were not isolated here may play important roles in Sb(III) oxidation.
Among the six isolates, only Sinorhizobium-like strain A2 showed As(III) oxidation activity and oxidized 10 and 8.7 mM of As(III) to As(V) during growth in HCMy and LCM media, respectively ( Table 3) . As(III) oxidation was not observed without cells or with autoclaved cells of strain A2 under the same growth conditions, confirming the biotic oxidation of As(III). Strain A2 grew comparably in LCM with or without As(III), and it was not clear if energy was gained from As(III) oxidation during growth, as the final cell density of strain A2 was similar when As(III) was present compared to its absence. 
Phylogenetic characterization of Sb(III)-and As(III)-oxidizing bacteria
A phylogenetic tree based on 16S rRNA gene sequences was constructed to compare the sequences of strains S1, A2 and A3 with other known Sb(III) and As(III) oxidizers (Fig. 3) . Sb(III)-oxidizing strains were both affiliated with Gammaproteobacteria (Fig. 3) . Strain S1 was closely related (97.1% 16S rRNA gene sequence identity) to an arseniteoxidizing heterotroph, P. stutzeri TS44, isolated from arsenic-contaminated soil in China (7). Strain A3 belonged to the genus Stenotrophomonas, which has often been observed in association with high metalloid-containing environments, including arsenic-contaminated soils (5, 7), arsenic-enrichment cultures (35, 36) , and a selenitecontaminated soil (4) . Some of the Stenotrophomonas strains isolated from such environments exhibited resistance to high concentrations of metalloids (i.e., As and Se). Recently, an arsenite-oxidizing Stenotrophomonas sp. MM-7 was also isolated (5), which showed 97.4% 16S rRNA gene sequence identity to strain A3; however, Sb(III) oxidation by this strain has not been examined. Our study is the first report of Sb(III) oxidation by Stenotrophomonas and Pseudomonas isolates.
As(III)-oxidizing strain A2 was affiliated with the Rhizobiaceae family of Alphaproteobacteria, and closely related (99.6% sequence identity) to Sinorhizobium sp. M14, a psychrotolerant arsenite oxidizer previously isolated from a gold mine in Poland (9) . Sinorhizobium sp. M14 was shown to grow autotrophically using arsenite as an electron donor and inorganic carbon as a carbon source (9) . Previous studies showed that the presence of yeast extracts (0.004-0.04%) stimulated the rate of growth and arsenite oxidation by facultative chemolithotrophic As(III) oxidizers belonging to the Alphaproteobacteria, including Sinorhizoium sp. M14 (9), strain NT-26 (33) , and Ancylobacter dichloromethanicus As3-1b (3). Although the autotrophic growth of strain A2 coupled with As(III) oxidation was not confirmed in this study, As(III)-oxidizing bacteria in general seem to have a versatile metabolism and are able to utilize both organic and inorganic substrates as energy sources.
Arsenite oxidase gene
Aerobic arsenite oxidase gene (aioA) was identified in As(III)-oxidizing strain A2. Phylogenetic analysis of the deduced amino acid sequence encoded by the aioA-like sequence of strain A2 (Fig. 4) showed that it clustered with other AioA from arsenite-oxidizing Alphaproteobacteria. Although 16S rRNA gene sequence from strain A2 was most closely related to that of Sinorhizobium sp. M14, the deduced amino acid sequence of aioA was more closely related (99.4% aaID) to AioA from a facultative chemolithotrophic As(III) oxidizer, A. dichloromethanicum (3) than Sinorhizobium sp. M14 (90.0% aaID). Recent studies have also shown inconsistencies between 16S rRNA and AioA phylogenetic tree topologies, suggesting the potential role of horizontal gene transfer in the propagation of aio genes (3, 20, 30) .
The expression of the aioA gene was confirmed in strain A2 during growth in the presence of As(III) (10 mM and 1 mM) or 100 µM Sb(III) using RT-PCR, while cells grown in the absence of As(III) did not express the aioA gene (Fig. S2) . The induction of aio gene expression by As(III) and Sb(III) was also reported with As(III)-and Sb(III)-oxidizing A. tumefaciense (25), as well as As(III)-oxidizing Achromobacter sp. SY8 and Pseudomonas sp. TS44 (8) . The regulatory protein coded by the aioR gene in aio operon is a member of the two-component signal transduction system involved in the regulation of As(III) oxidation (22) and this aio gene regulatory system seems to respond to both As(III) and Sb(III) interchangeably due to their similar properties. The fact that strain A2 was unable to oxidize Sb(III) when the aioA gene was expressed indicates the involvement of different mechanisms for the oxidation of arsenite and antimonite, as previously shown with a heterotrophic arsenite and antimonite-oxidizing A. tumefaciens strain A5 (25) .
In conclusion, our results showed the presence of As(III)-and Sb(III)-oxidizing bacteria associated with highly contaminated mine tailings, and these indigenous microorganisms possibly contribute to the speciation and mobility of Sb and As in situ. This study expanded the list of the under-studied group of microorganisms having the ability to oxidize Sb(III), presenting an opportunity for further investigations of microbial roles in the Sb biogeochemical cycle.
